
A Higher-Order Projection Method for the Simulation of Unsteady Turbulent
Nonpremixed Combustion in an Industrial Burner �

Richard B. Pember,John B. Bell, Phillip Colella, and Mindy Lai

Lawrence Livermore National Laboratory,
P.O. Box 808, L-316,
Livermore, CA 94550

send all correspondence to:
Richard B. Pember

Lawrence Livermore National Laboratory,
P.O. Box 808, L-316,
Livermore, CA 94550
Phone: (510)422-3721
e-mail: pember@llnl.gov

fax: (510)423-2993

There are a number of computational techniques for the simulation of reacting
ow in furnaces and combustors at steady state conditions that have been developed
over the last ten to twenty years. A large number of these are based are on the
SIMPLE method of Patankar and Spalding [13], although other base methodologies
have also been employed[5, 8]. In recent years development e�orts have focused on
extending these methodologies to three-dimensional ows[3, 5], or to the modeling
of burners which utilize non-gaseous fuels, especially coal[5].

The modeling of unsteady reacting ows, on the other hand, has not received
the same level of attention, although there has been some work in this area; see, for
example, Benesch and Kremer[2]. The ability to model transient e�ects in burners,
however, is becoming increasingly important for a number of reasons. The problem
of ensuring the safe performance of an industrial burner, for example, is much more
di�cult during the startup or shutdown phases of operation. Further, the peak
formation of pollutants is much more dependent on transient behavior, in particular,
on peak temperatures, than on average operating conditions.
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The goal of this paper is to present a new methodology for the modeling of
unsteady, nonpremixed, reacting ow in industrial burners. The algorithm uses
the second-order projection method for unsteady, low-Mach number reacting ow
developed by Lai[10] and accounts for species di�usion, convective and radiative heat
transfer, viscous transport, turbulence, and chemical kinetics. The time step used by
the method is restricted solely by an advective CFL condition. The methodology is
applicable only in the low-Mach number regime (M < :3); this condition is typically
met in industrial burners. The projection method for low-Mach number reacting
ow is an extension of the higher-order projection method for incompressible ow
of Bell, Colella, and Glaz [1] to the low-Mach number equations of reacting ow[12].

The main goal of this work is to introduce and investigate the use of the second-
order projection method in the simulation of burners. As such, we have so far
only applied the methodology to axisymmetric ow in natural gas-�red burners.
We also assume the perfect gas law as the equation of state. In addition, we use
some techniques for modeling other aspects of the ow that have been been replaced
by other methodologies in recent years. In particular, we use a one-step reduced
kinetics mechanism[9], a four-ux method to model radiative transport [6], a k � �
model for turbulent transport[7], and a simple turbulent combustion model[11].

The model for reacting ow to which the techniques presented in this paper are
applied, then, is outlined as follows:

1. velocity (u; v; w = radial, axial, and tangential components of velocity)
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2. species mass fractions, ml (l = pr(product); fu(fuel); ox(oxidizer)):

�
Dml

Dt
= r � ((D +Dt) �rml)� stlRfu

where stl is the mass of species l consumed in reaction per mass of fuel con-
sumed;
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3. temperature, T :
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where cp;mix is the speci�c heat of the gas mixture, hl is the speci�c enthalpy
of species l, and Hfu is the speci�c heat of reaction of the fuel;

4. radiation model:
�r � qrad = 2�
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and where � and s are absorption and scattering coe�cients.

5. kinetics model (Rfu = mass rate of fuel consumed in reaction per volume):

Rfu = max
�
�2mfumoxAexp (�E=RT ) ; Rfu;turb

�
where
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E

R
= 1:84 � 104 oK; �A = 4:0; �A0 = 2:0

6. turbulent kinetic energy, k, and dissipation, �:
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7. turbulent viscosity, thermal conductivity, mass di�usivity:

�t = C��
k2
� ; kt =

cp;mix�t
�t ; Dt = �t

��t

8. turbulence model constants
C� = :09; C1 = 1:44; C2 = 1:92; �k = 1:0; �� = 1:3; �t = :7

9. divergence constraint (U = (u; v)):
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where R is the universal gas constant, Rmix is the gas constant of the mixture,
mwl is the molecular weight of species l, and �p is the ambient pressure.

The overall strategy of the low-Mach number projection method in advancing
the solution from time tn to tn +�t = tn+1 is that of a predictor-corrector scheme.
In the predictor step, values of k; �; w; T; and mi are computed at time tn+1. In
addition, values of u and v are predicted at tn+1. In the corrector step, the divergence
constraint is imposed on u and v through the solution of an elliptic equation. The
solution of the elliptic equation also provides the value of the pressure at tn+�t=2.

The predictor step of the algorithm is itself a predictor-corrector. There are four
main steps in this part of the methodology: 1) computing discrete approximations
of the convective terms in the governing equations at time tn +�t=2 using the ex-
plicit higher-order upwind method of Colella[4]; 2) predicting the values of all ow
quantities at tn+1 using Crank-Nicholson di�erencing; 3) computing the divergence
of the radiative ux at time tn+�t=2; 4) correcting the values of all the ow quan-
tities to provide the solution at time tn+1 again using Crank-Nicholson di�erencing.
In the case of u and v, this solution does not satisfy the divergence constraint; the
solution of the elliptic equation mentioned above then reimposes this constraint. In
steps 2) and 4) the equations for each of the ow quantities k; �;mi; T; U = (u; v);
and w are solved sequentially so that only linear systems of equations result from
the Crank-Nicholson di�erencing. The solution of these linear systems is accelerated
using multigrid techniques.

We now discuss some preliminary results from a simulation using our methodol-
ogy. The geometry of the sample burner is shown in Figure 1. The temperature is
initially 2500oK in a cylindrical patch next to the inlet with radius and height of 2.3
cm and 300oK elsewhere. The inlet conditions are a temperature of 300oK, an axial
velocity vin =12.2 m/sec, no radial velocity, and a swirl number of .5 with solid body
rotation; swirl is only imparted to the air. The initial velocity in the burner has
no tangential component and satis�es the divergence constraint for the given inlet
conditions and initial temperature distribution. The inlet turbulence quantities are

kin = :005v2in and �in = C�k
3=2
in =(:03Din). The inlet fuel/air mole ratio is 1:19.25.

The walls are maintained at 300oK. Figures 2, 3, and 4 display results for these
initial and boundary conditions on a 64�256 uniform grid.
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Sample Problem:
Burner Configuration
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Figure 1: See text for detailed description.
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Figure 2: Solution of sample problem on a 64x256 grid at .927 sec. Radial, ax-
ial, and tangential components of velocity (m/sec) are displayed above. Turbulent
viscosity (kg/m�sec), turbulent kinetic energy (m2=sec2), and turbulent dissipation
rate(m2=sec2) are displayed below.
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Figure 3: Solution of sample problem on a 64x256 grid at .927 sec. Temperature
(deg-K) and mass fractions of fuel, air, and product are displayed.
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Figure 4: Temperature (deg-K) from solution of sample problem on a 64x256 grid
at t = .035, .110, .184, .258, .332, .406, .481, .555, .629, and .703 sec.
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